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ABSTRACT 
Phytophthora cinnamomi is an invasive, soil-borne, hemi-biotrophic plant pathogen that 
poses a major threat to natural ecosystems and biodiversity across the globe. Molecular co-
evolution exists between the plant and the pathogen and as part of it, P. cinnamomi secretes 
elicitin. Even though by definition, elicitins trigger a plant immune response, debate arises as 
the intrinsic function of these proteins may not be to solely suppress pathogenicity. 
Recognized as sterol carrier proteins, the role of the elicitin-sterol complex in disease 
progression is also quite controversial. Thus, currently, there is a lack of consensus regarding 
the definition and functionality of elicitins.  
To elucidate the function of elicitins as a virulence or avirulence factor, this protein 
was isolated from P. cinnamomi liquid culture. Formation of a single 10 kDa band in 
Tris/Tricine gel and and necrotic lesion in Nicotiana leaf confirmed the successful extraction 
and biological activity of elicitin. The effect of elicitin on the expression of defence-response 
genes of the susceptible model plant Lupinus angustifolius was scheduled. Thus, primers for 
the candidate reference genes UBC, PTB and HEL, and defence-related genes, PR3 and PR5 
were designed and validated following MIQE guidelines. As such, UBC and HEL were 
identified as potential reference gene primers for L. angustifolius.  
Closure of the laboratory due to COVID-19 caused experiments to be halted suddenly 
and as such, the effect of elicitin exposure on the expression of PR3 and PR5 genes of lupin 
roots using RT-qPCR could not be monitored. Furthermore, the effect of immunodepletion of 
elicitins using antibodies and the importance of elicitin-sterol/fatty acid interaction towards 
P. cinnamomi pathogenicity could not be accomplished.  
xiv 
 
Thus, even though many of the planned laboratory experiments were not able to be 
undertaken, the research presented in this thesis, along with the anticipated experiments has 
begun to contribute to an improved understanding of the function of elicitin and defence 
responses of lupins. 
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CHAPTER 1 
INTRODUCTION AND LITERATURE REVIEW 
1.1 General Introduction 
Phytophthora cinnamomi Rands  is recognized as one of the most devastating plant 
pathogens, with a host range of almost 5000 plant species, posing a serious threat to the 
natural ecosystems and agricultural sector (Cahill et al. 2008; Jung et al. 2013).  With nearly 
global distribution, it is the only oomycete and one of the three plant pathogens included in 
the 100 worst invasive alien species list (Lowe et al. 2000). First described as the causal 
agent of stripe canker of cinnamon in Sumatra, the origin of P. cinnamomi still remains 
uncertain, with the linkage of the pathogen dating back to the ink disease of European 
chestnut in the 1860s (Rands 1922; Grente 1961). P. cinnamomi is responsible for causing 
the most destructive disease in avocado globally, affecting 60-70% of growers in California, 
accounting for $40 million loss annually (Scott et al. 2013). Also known as the ‘biological 
bulldozer’, this pathogen has an evident economic impact, ranking it in the Top 10 Oomycete 
plant pathogens, and also causes a reduction in the availability of food sources for the animal 
communities reliant on plants for their survival (Kamoun et al. 2015; Dundas et al. 2016). 
Movement of infected living plants has been identified as the primary cause for the 
introduction of P. cinnamomi in new regions, however, suitable climatic conditions are the 
trigger in determining the survivability and spread of the pathogen into natural ecosystems 
(Zentmyer 1985; Burgess et al. 2017).  
Despite being an important plant pathogen with its spread across the world, limited 
information is available on its origin, pathogenicity and resistance response. Known to cause 
rotting of roots and stem cankers in plants, that leads to loss of susceptible plant species, the 
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underlying molecular mechanism of this hemi-biotrophic pathogen in causing disease is still 
not completely known (Figure 1.1) (Van den Berg et al. 2018).  
 
  (A)       (B) 
3 
 
Figure 1.1: Effects of disease caused by P. cinnamomi. (A) The top image shows a small 
area of dead and dying Erica umbellate susceptible to P. cinnamomi during early infection 
days (dotted area). The bottom image (dotted area) shows disease progression to cover a 
greater area causing death of species susceptible to P. cinnamomi. (Cardillo et al. 2018). (B)  
Bleeding lesion / canker visible on an oak tree infected with P. cinnamomi (O’Brien 2007). 
A common characteristic of a plant pathogen is the release of effector molecules that 
are dominantly involved in progressing infection in the host plant. As part of the molecular 
co-evolution between the plant and the pathogen, the latter one secretes effectors to 
counteract plant immune responses and/or elicitors to induce plant defence responses 
(Krishnan et al. 2019). Elicitins, a type of elicitor, are a group of pathogen associated 
molecular pattern (PAMP) proteins secreted by a population of oomycetes that binds to 
sterols to form an elicitin-sterol complex and is recognized by plant receptors. Recent studies 
have shown the defence triggering activity of elicitins differs according to plant species and 
hence their function as avirulence or virulence factor is debatable. Currently, the majority of 
studies are conducted with cryptogein, an elicitin produced by Phytophthora cryptogea; 
however, as P. cinnamomi also poses a serious threat, understanding the role of elicitins 
secreted by this devastating plant pathogen is crucial (Ricci et al. 1989; Derevnina et al. 
2016).  
Plants have a complex innate immune system to protect themselves from the vast 
array of pathogens they are continuously exposed to. PAMPs-triggered immunity (PTI) and 
effector triggered immunity (ETI) are the two main immune responses that have been 
identified (Jones & Dangl 2006; Uhlikova et al. 2017). Diseases caused by soil-borne 
pathogen results in significant yield loss of crops, thus, understanding the fundamental 
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mechanism that enables a plant species to withstand diseases is important for sustainable 
agriculture and human health. Relatively, fewer plant species have shown to be truly resistant 
to Phytophthora and compared to other plant pathogens, limited studies have been done to 
understand the plant defence mechanisms that are used against P. cinnamomi (García-Pineda 
et al. 2010; Li et al. 2020). As molecular crosstalk between the pathogen and the plant leads 
to multifaceted events, bioinformatics tools can be used to identify the function of various 
genes and proteins. Hence, a better understanding of the response of plants to P. cinnamomi 
will help in the production of resistant plant species that will help flourish the agriculture and 
horticulture sectors (Eshraghi et al. 2014).  
The research presented in this thesis aimed to address the key gaps in the current 
knowledge of plant-pathogen interaction, particularly between elicitins of P. cinnamomi and 
a susceptible plant species, L. angustifolius. The integration of molecular analysis to 
understand the pathogen infection strategy and the plant defence system may shed light on 
the underlying mechanism that can be used for the identification of potential targets to 
outline control and eradication measures of the pathogen.  
1.2 History of Phytophthora  
The first record of Phytophthora as the casual organism of plant disease dates back to 1845 – 
1846, the time when the Irish Potato Famine caused Ireland to lose almost a quarter of its 
eight million inhabitants to starvation and emigration. It was an era where microorganisms 
were considered to appear only after a plant died, but not as a cause of their death. Hence, 
despite reports suggesting the cause of the blight to be due to fungal attack, the idea was 
dismissed and criticized (Moore 1846). Eventually, the Reverend Miles Berkeley published 
an article and formally identified the cause of the famine as fungal infection and categorized 
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the fungus in the Botrytis genus. Scientists who believed the blight was caused by 
‘atmospheric influences’ dismissed the fungal theory, however, Berkeley’s findings slowly 
started gaining acceptance and since then until the 1876, late blight fungus was referred to as 
Botrytis or Peronospora (Montagne 1845; Buczacki 1991). 
Almost two decades later, Anton de Bary formally named the oomycete as 
Phytophthora which is derived from the Greek where ‘phyton’ means plant and ‘phthora’ 
means destroyer, thus the plant-destroyer. This name change is considered as the birth of a 
new discipline in the science of plant pathology as scientists started working on identifying 
new species of Phytophthora that attacked plants (Tucker 1933).  
      1.3 Taxonomy and phylogeny of P. cinnamomi 
Phytophthora belongs to the Oomycetes but the taxonomic classification of these ‘fungal like 
organism’ has been highly controversial (Cavalier-Smith & Chao 2006; Beakes et al. 2012). 
Even though members of Oomycota are similar to filamentous fungi, they are not classified 
under it, due to variation in zoospore differentiation and discharge characteristics. According 
to Ho (2018), Oomycetes are instead placed in the Kingdom Chromista along with 
photosynthetic algal groups. However, evolutionary studies have shown that these organisms 
do not share lineage with algae, and hence they were proposed to be placed in a new sub 
kingdom of Stramenopila (Lévesque 2011).  
Traditionally, the taxonomy of Phytophthora was done based on its morphological 
characteristics. Upon the introduction of deoxyribonucleic acid (DNA) sequencing, the 
taxonomic concept for the genus shifted from morphology to molecular phylogeny. 
Identification of genetic markers from certain Phytophthora species like P. sojae, P. 
ramorum and P. infestans assisted in multi-locus phylogenies and correct identification of 
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species (Tyler et al. 2006; Blair et al. 2008; Haas et al. 2009). Detailed molecular phylogeny 
will allow a better understanding of the evolution of Phytophthora species. Blair et al. (2008) 
studied seven nuclear genetic markers and developed a sophisticated phylogeny that divided 
82 species of Phytophthora into 10 phylogenetically well-supported clades. As such, P. 
cinnamomi is placed in Clade 7 subclade b (Yang et al. 2017). 
1.4 Status of P. cinnamomi in Australia 
Crandall and Gravatt (1967) suggested that P. cinnamomi was first found in Southeast Asia 
and its spread to other countries occurred during the 15th century. Some evidence suggests, 
P. cinnamomi entered Australia through the Indo-Malayan flora. The pathogen was first 
identified as an agent of plant disease in Queensland where it caused disease in pineapple 
(Zentmyer 1977). Plant pathologists have performed various studies over the years to 
determine the centre of origin of this devastating species, however, man-made disturbance on 
the forest environment has complicated the story as it greatly alters the floral and microbial 
characteristics of an area (Pratt et al. 1973; Arentz 2017).   
There is also a constant controversy as to whether P. cinnamomi is an indigenous or 
introduced species in Australia. In eastern parts of the country, it was proposed that a long 
association of plant and pathogen had caused the plants to adapt and gain disease resistance, 
for example, eucalypts grown along the undisturbed lines and moist sites are resistant to P. 
cinnamomi (Pratt et al. 1973). Additionally, both A1 and A2 mating types can be found in 
these regions. Thus, pieces of evidence from the distribution and ecology of the organism 
may support P. cinnamomi as an indigenous species to certain eastern parts of the nation, 
especially in the tropical and subtropical north.  However, P. cinnamomi being indigenous in 
other parts of Australia is less evident. Genetic and molecular evidence suggests that P. 
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cinnamomi is a recent introduction and Papua New Guinea is the origin of A1 mating type 
(Old et al. 1984; Oudemans & Coffey 1991; Dobrowolski et al. 2003). 
Phytophthora cinnamomi has been reported in all Australian states and territories, 
with the first ‘dieback’ disease in jarrah forests in 1965 in Western Australia (Podger et al. 
1990; O'Gara et al. 2005). As it poses a threat to a range of plant species, ecological 
communities and landscapes of Australia, it has been included in the key threatening process 
under the Commonwealth Environment Protection and Biodiversity Conservation Act 1999 
(Environment Australia 2018). In the south-west of Western Australia, four out of 15 of 
Australia’s biodiversity hotspots are present, out of which approximately 2284 plant species 
are susceptible to P. cinnamomi (Scarlett et al. 2015). While the dominant Phytophthora 
species present in the soil differs from region to region across the world, various Australian 
studies have concluded that P. cinnamomi is the dominant soil species in Australia (Smith et 
al. 2009; Hüberli et al. 2013; Dunstan et al. 2016).  
1.5 Lifecycle of P. cinnamomi  
The lifecycle of P. cinnamomi involves two modes of reproduction that depend on specific 
environmental conditions (Figure 1.2). Absence of sufficient nutrients results in asexual 
reproduction of the pathogen whereby the microscopic mycelial strands proliferate within or 
on host tissues to form either multinucleate sporangia or chlamydospores (Cahill et al. 2008; 
Hardham & Blackman 2018). During warm and moist conditions, sporangia are produced 
that release zoospores, however, under less favourable conditions, chlamydospores are 
produced. Chlamydospores are larger, thin or thick-walled spores that are capable of 
surviving for longer durations (years), until a suitable condition is available for it to 
germinate to form mycelia, sporangia and then zoospores (Weste & Vithanage 1978; Cahill 
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& Hardham 1994). Chlamydospores can survive within dead plants and soil and hence are 
considered the principal structure responsible for the spread of disease via movement of 
infected plant and infested soil.  
Each sporangium contains about 20-30 nuclei that are harboured by an array of 
microtubules (Hyde & Hardham 1992). Under certain conditions, such as a decrease in 
temperature, signals are produced that triggers the cleavage of the sporangial cytoplasm to 
form zoospores. These microscopic, ellipsoid in shape (~10 μm long), short-lived and fragile 
zoospores are released from the sporangium due to build up of hydrostatic pressure (Gisi et 
al. 1979; Cahill & Weste 1983; Hardham 2005). Zoospores  are the most infective propagule 
of the pathogen and they can travel long distances via moving water, making them capable to 
quickly spread in moist conditions (Weste & Marks 1987).   
Zoospores can encyst on or near the plant root and after about 20-30 minutes of 
encystment, they form a germ tube. The germ tube can penetrate the epidermal and cortical 
cell layers of the plant. After a few days, the hyphae is able to ramify through and colonise 
root tissues of susceptible plant species, mainly blocking the vascular system, leading to 
plant death predominantly due to lack of water and nutrient supply (O’Gara et al. 2005). 
Spread of the pathogen from one plant to another is also possible when the mycelia from an 
infected host come in contact with the roots of adjacent plants.  
Phytophthora cinnamomi is heterothallic and sexual reproduction requires the 
presence of both A1 and A2 mating types. Sexual reproduction results in the formation of 
thick-walled and robust oospores that are able to survive in the soil even under dry and cold 
conditions, for years without a host (Turkensteen et al. 2000). P. infestans is a model 
organism for the understanding of Oomycetes and studies have shown that direct physical 
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contact of the two mating types is not necessary for the production of oospores, instead, the 
substances secreted by them is sufficient to stimulate the formation of oospores (Brylińska et 
al. 2018). In Australia, the A2 mating type, suggested as the more aggressive and invasive 
form of P. cinnamomi, is more frequently isolated than the A1 type (Weste & Marks 1987; 
Jung et al. 2013). Additionally, it has been reported that A2 P. cinnamomi is  facultatively 
homothallic, meaning they are capable of self-fertilization under certain conditions  (abiotic 
stimuli like mechanical damage) and in the presence of specific biotic factors (like 
Trichoderma species) (Zentmyer 1979; Crone et al. 2013). 
 
Figure 1.2: Generalized life cycle of P. cinnamomi. Depending on environmental conditions, 
zoospores are released from sporangium that then swims towards the plant root followed by 
attachment to the root surface, encystment and germination to form a germ tube that 
penetrates the root. Mycelium then grows within the roots of susceptible plants causing tissue 
damage. Without a suitable host, the pathogen can remain dormant in the soil as 
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chlamydospores, until suitable conditions are available for sporangia formation. Sexually, the 
male antheridium fertilizes the female oogonium resulting in a diploid oospore that 
eventually forms mycelium. (Schematic, not to scale, own figure).  
1.6 Role of elicitins in Phytophthora – plant interactions  
There is a growing body of knowledge about the molecular events that occur during plant-
pathogen interactions. Molecular crosstalk between the pathogen and plant leads to a 
multitude of signal exchanges. The pathogen releases effectors that facilitate infection and 
act as virulence factors and/or elicitors that trigger a defence response, in which case they are 
termed as avirulence factors (Huitema et al. 2004). The definition of effectors and elicitors 
based on current adaptation in plant pathology is presented in  Figure 1.3. 
 
 Figure 1.3: Generic definition of the effectors and elicitors secreted by oomycetes that are 
linked with pathogenicity. 
Elicitins are a sub group of elicitors and are among the most well-known oomycete 
PAMP. Exuded by phytopathogenic fungi and oomycetes like Phytophthora, Pythium and 
Albugo, elicitins were identified in the late 1980s as proteins that can induce hypersensitive 
reaction (HR) in Nicotiana plants (Ricci et al. 1989; Uhlikova et al. 2016). Elicitins are 
small, 10 kDa macromolecules containing 98 amino acids, including six cysteine residues in 
conserved positions (Mikes et al. 1998; Boissy et al. 1999). They are divided into acidic and 
basic elicitins depending on their isoelectric focusing pattern. Generally, basic elicitins have 
• Interfere with host defense response to promote disease 
or pathogen growth
• Virulence factor
Effectors
• Induce defense response in host
• Avirulence factorElicitors
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a stronger necrotic activity that is contributed by the presence of a polar amino group (Horta 
et al. 2008)  
Based on phylogenetic analysis, elicitins are divided into 4 elicitin (ELI) and 13 
elicitin-like (ELL) clades. All clades possess a signal peptide, elicitin domain and C-terminal 
domain of varying length (17-291), other than clade ELI-1 that lacks the C-terminal domain. 
Specific characteristics of the types of elicitins are presented in Table 1.1. 
 
Table 1.1: Classification of elicitins based on phylogenetic analysis. 
Class Structure  Specific Properties  References  
ELI-1 
(canonical 
elicitins) 
- Share at least 66% 
sequence similarity 
- Highly conserved 98-
amino acid 
- Six cysteine residues 
forming structure 
determining disulfide 
bridges 
- Lacks C-terminal domain (Jentoft 1990) 
ELI-2 - More than 40% Ser and Thr  (Jiang et al. 
2006) 
ELI-3 - High frequency of Ser, Thr, Pro 
and Ala with  O-linked 
glycosylation sites associated with 
binding of the protein to cell wall 
(Jiang et al. 
2006; 
Masunaka et 
al. 2010) 
ELI-4 - C-terminal rich in proline  
- In P. capsici, ELI-4 members 
have phospholipase acitivity  
(Nespoulous et 
al. 1999) 
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 ELL -Six structurally conserved 
cysteine residues 
-Diverse amino acid 
sequence, resulting in 
varying length of the elicitin 
domain and cysteine 
spacing pattern 
-Lack HR inducing activity 
-Biological significance unknown 
-Presence of 
glycosylphosphotidylinositol 
(GPI) in several ELLs linked to 
binding of the protein to plasma 
membrane 
(Qutob et al. 
2003; Jiang et 
al. 2006; Islam 
et al. 2019) 
 
1.6.1 Elicitins as sterol carrier proteins 
Sterol plays an important role in the functioning of eukaryotes as they are involved in the 
overall growth and reproduction of an organism. Certain species of Oomycete like 
Phytophthora, lack the gene involved in de novo synthesis of sterol (Gottlieb et al. 1978; Nes 
et al. 1986; Dahlin et al. 2017). An association is found between sterols and elicitins 
whereby, elicitins are ubiquitous across Phytophthora genus and are characterized as 
extracellular sterol binding proteins that transport sterol from the plant membrane to the 
pathogen. The protein comprises of 6 α helices, a short β sheet and a Ω loop, whereby the β 
sheet and the Ω loop form a beak-like motif bordering the hydrophobic cavity that 
accommodates a sterol molecule (Mikes et al. 1998). Non-sterol loaded elicitins were found 
to first bind to sterol made available from the plant membrane then interact with the receptor 
to trigger a biological response. General structure of elicitin before and after binding to sterol 
is shown in Figure 1.4. Interaction between elicitin and sterol has received attention to 
determine the importance of sterol binding in activating pathogenicity characteristics of 
elicitin (Osman et al. 2001b).  
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  A               B 
Figure 1.4: Comparison of free (orange) and ergosterol bound (green) β-cinnamomin. (A) 
General structure of β-cinnamomin without sterol. (B) General structure of elicitin-ergosterol 
complex with 1:1 protein:sterol stoichiometry.  The ergosterol molecule in the complex 
structure is represented by ‘ball and sticks’ model in grey (pointed with red arrow). 
Ergosterol is bound to the hydrophobic cavity with Leu15, Met35 and Tyr87 identified to 
undergo major conformation change upon ligand binding, which is reported to be essential in 
activation of the protein (Rodrigues et al. 2006). Figure was obtained using RCSB PDB. 
Osman et al. (2001b) and Lochman et al. (2005) suggested that binding of sterol to 
elicitin induces a conformational change and this change in Ω loop is important for the 
induction of reactive oxygen species (ROS) production, pH changes and other elicitin 
mediated cell responses. Contrary to these studies, Dokladal et al. (2012) concluded that even 
though certain structural mutants of elicitin cannot effectively bind to sterol, it can still 
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induce synthesis of ROS at comparable levels to the wild type protein.  Therefore, the 
presence of certain residues in the protein structure is more important than the conformation 
change of the Ω loop.  
Lochman et al. (2005) studied the necrotic activity of different elicitins, depending on 
their ability to bind to sterol, and they found that even when the sterol-elicitin complex was 
not formed, the protein could still cause plant cell necrosis and initiate expression of genes 
involved in plant defence. Thus, the significance of sterol binding in defence elicitation is 
still being explored with current findings suggesting that regardless of elicitin-sterol 
complex, the protein may be involved in two independent pathways – firstly, induction of 
early events such as ROS production and secondly, to express pathogenesis-related (PR) 
proteins and induce cell necrosis (Lochman et al. 2005).  
1.6.2 Elicitins as avirulence or virulence factors 
According to various studies, elicitins appear to have conflicting functions, promoting 
virulence by suppression of important plant defence genes or avirulence by inducing a 
defence response (Figure 1.5) (Khairum et al. 2018). Elicitins induce HR in some plants like 
tobacco (Kamoun et al. 1999) while they lack responsive capacity in others (Derevnina et al. 
2016). 
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1.7 Response of plants to pathogens 
Plant pathogens can be divided into two types, according to their lifestyles – biotrophs and 
necrotrophs. Biotrophic pathogens are organisms that gain nutrients from living host tissue, 
while necrotrophs are pathogens that kills the host tissue and feeds on the remains of it. 
General defence mechanisms activated by plants in response to biotrophic and necrotrophic 
pathogens are shown in Figure 1.6 and Figure 1.7, respectively. Hemi-biotrophs are 
pathogens that behave both as biotroph and necrotroph, depending on the stage of their life 
cycle (Pieterse et al. 2009).  
          
Figure 1.6: Schematic representation of a plant’s immune response to biotrophic pathogens. 
PRRs located on plant membrane recognize the conserved MAMPs and induce PTI. 
However, true pathogens have evolved to escape or suppress the recognition of MAMPs and 
prevent the subsequent induction of primary defence response by release of effector 
molecules. Gene-to-gene resistance is the dominant and second mode of response of plants 
17 
 
against pathogens. R-mediated resistance or ETI involves recognition of effector molecules 
by R-protein (incompatible interaction) that leads to necrosis and/or SA-dependent signaling 
which activates the systemic acquired resistance (SAR). Thus, both plant and pathogen are in 
constant battle - to recognize the pathogen and to evade recognition, respectively, which is 
outlined in the zig-zag model as well.  
          
Figure 1.7: Schematic representation of a plant’s immune response to necrotrophic 
pathogens. Necrotrophs release effector which when recognized by plant R protein causes 
activation of the phytohormone dependent or independent signaling and/or MAPK cascade.  
This induces specific transcription factors that in turn activates the defence-related genes and 
causes accumulation of the defensive compounds and secondary metabolites. Early stages of 
necrotrophic infection also include production of ROS, secondary metabolites and 
antimicrobial peptides that might lead to HR. (Not to scale, own figure). 
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1.8 Response of plants to P. cinnamomi 
The response of plant to any attempted infection by Phytophthora is rapid. There is little 
information on the molecular and cellular aspects of the interaction between Phytophthora 
and plants, mainly because of the lack of established model systems and various technical 
difficulties that occur during experimentation of root-pathogen interaction, such as growing 
and inoculating roots. Even though Arabidopsis thaliana is a widely used plant model, 
limited studies have been conducted to understand the interaction between P. cinnamomi and 
Arabidopsis (Hardham & Blackman 2018). Lupin has increasingly become a model species 
for interactions with P. cinnamomi (Allardyce et al. 2012).  
1.8.1 Cellular responses  
Callose (a β-1,3 glucan)  deposition is an initial and common resistance response of the plant 
which acts as a physical barrier to prevent penetration by the pathogen (Ellinger et al. 2013). 
Within 48 hours post inoculation (hpi), callose deposition was reported in A. thaliana leaves 
and roots exposed to P. cinnamomi (Robinson & Cahill 2003) 
The deposition of lignin makes the plant cell wall stronger and more resistant to 
penetration by pathogens (Bhuiyan et al. 2009). As such, Islam et al. (2017) reported 
increased lignin concentration in Lomandora longifolia roots that were exposed to P. 
cinnamomi from 48 to 168 hpi. Accumulation of cell wall carbohydrates, deposition of 
phenolic materials and proteins, actin reorganization and microtubule depolymerization are 
some other responses that occur at the cellular level (Cahill et al. 1989; Takemoto & 
Hardham 2004; Collinge 2009).  Various studies are still being conducted to identify cellular 
resistance responses of plants in both model and host plant species. 
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1.8.2 Molecular responses 
Defence mechanisms of plants against Phytophthora have been studied extensively and a 
majority of the findings suggest the involvement of oxidative stress, SA-responsive and PR 
related genes and their products in plant defence, along with resistance genes for recognition 
of effectors and transcription factor-related genes (García-Pineda et al. 2010). Having a basic 
understanding of the molecular responses of both resistant and susceptible genotypes against 
P. cinnamomi is important. For example, in chestnut, despite the severity of disease caused 
by P. cinnamomi, there is limited information about this species molecular defence strategies 
against the pathogen. As such, as part of the Portuguese breeding program, eight candidate 
genes of Castanea plants were studied which led to the identification of Cast_Gnk2-like gene 
that discriminated between susceptible and resistant genotypes. This information along with 
other molecular results obtained is expected to contribute to the development of plans to 
control ink disease in chestnut and other similar plant species (Santos et al. 2017).  
In pineapple, certain varieties under the Ananus genus have shown to be resistant 
against P. cinnamomi; however, the potential resistance genes have not been incorporated 
into commercial varieties. With the use of Next Generation Sequencing (NGS) techniques, 
genetic loci associated with resistance or susceptibility to the pathogen are starting to be 
identified. Thus, the deployment of molecular markers will contribute towards breeding of 
resistant pineapple varieties (Sanewski et al. 2017). Comparison of disease progression and 
gene expression between L. longifolia (resistant) and L. angustifolius (susceptible) after 
infection by P. cinnamomi led to the identification of resistance related components 
upregulated during the early infection stage. Thus, gene expression analysis of this resistant 
species provided opportunities to manipulate susceptible species to establish disease 
resistance (Islam et al. 2017).  
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1.9 Lupinus angustifolius and its interaction with P. cinnamomi 
Lupins are a type of grain legume that forms an integral part of sustainable farming systems. 
Lupins establish symbiotic relations with the beneficial bacteria and fix atmospheric 
nitrogen, provide a  disease break and can grow in extremely impoverished soil (Hane et al. 
2017). According to FAO STAT, 984,894 hectares of land were harvested in 2018 with 
118,8213 tonnes of yield globally and Australia ranks the highest in the average amount of 
lupin production from 1994 – 2018 (FAO 2020).  
Lupins belong to the Lupinus genus in the legume clade called genistoids. L. 
angustigolius, L. albus, L. leteus and L. mutabilis are the four agriculturally important lupin 
species with L. angustifolius as the dominant one in Australia and globally.  The presence of 
toxic alkaloids in the seed of lupin has limited its use in human food and hence, it is mainly 
used as animal feed. However, as plant protein isolates are gaining interest, the use of lupin 
as a functional ingredient is being looked upon as it possesses high quality protein and 
dietary fibre (Lqari et al. 2002; Lambers et al. 2013). 
Domestication of narrow-leafed lupin (NLL) or L. angustifolius started in the early 
20th century in Germany and fully domesticated cultivar was produced in Australia in the 
1960s with permeable seeds, non-shattering pods, reduced alkaloid content and early 
flowering (Lee et al. 2006). Lupin was identified as a suitable bait for isolation of 
Phytophthora species around the 1960s and the technique was soon, widely accepted as 
species is easily available across the globe (Chee & Newhook 1965). Around 1993, root and 
basal stem rot disease were observed in L. angustifolius cv. Wonga in New South Wales, 
Australia but it was not until 2001 that the causative agent of this disease was reported as 
Phytophthora (Nikandrow et al. 2001). Sudden wilting, yellow leaves and dark brown 
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sunken lesion or rotting of the roots are some of the symptoms of infection by Phytophthora 
(Carpenter 2002).  
Lupin has been increasingly used as a model system to understand Phytophthora-
plant interactions as it has a small plant size, short life cycle and is a susceptible host. The P. 
cinnamomi - L. angustifolius pathosystem has proven to be an effective model system to 
understand the interaction and mechanism that exists between susceptible host species and 
the pathogen (Chee & Newhook 1965; Allardyce et al. 2012).  Molecular studies of legume-
pathogen interaction have been impeded by the limited information of the gene sequence of 
legumes. The recent development of reference genome assembly of NLL has facilitated in 
the identification of various functional lupin genes (Hane et al. 2017). Given the agronomical 
importance and its vulnerability to climate change and pathogen attack, understanding the 
role and regulation of individual genes of NLL will be of great future value (Przysiecka et al. 
2015; Taylor et al. 2016).  
1.10 Current limitations and prospect for management of P. cinnamomi   
Even though P. cinnamomi has a serious impact on different plant species, its presence in soil 
is generally unrecognized by land managers and forest professionals as the pathogen can 
survive in soil or plants without showing any symptoms. P. cinnamomi causes poor 
establishment, decline and eventually death of forests however, there are other visible and 
more prominent forest health threats (such as bushfires) which have overshadowed the 
serious impact caused by P. cinnamomi. Hence, understanding and identifying regions where 
P. cinnamomi is present and causing disease is important to develop management strategies. 
The most common method used for isolation of the pathogen is through collecting 
susceptible plant material and baiting followed by transfer onto selective media. Even though 
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this method confirms the presence of P. cinnamomi, it does not quantify the abundance of 
pathogen in the sample. Recently, immunodiagnostic techniques and DNA based assays have 
been used to detect these microorganisms, some of which have demonstrated high sensitivity 
and specificity (Podger et al. 1990; Meadows & Jeffers 2011; Kunadiya et al. 2017). 
Potassium phosphonate (phosphite), copper salts and fungicide fosetyl-aluminium 
application are effective in controlling infection by P. cinnamomi and/or improving the host 
resistance to infection. However, for all the chemicals, the effectiveness declines over time 
and hence it needs to be re-applied (Daniel & Guest 2005; Daniel et al. 2005; González et al. 
2017). Some researchers tried fire as a potential control option however; the pathogen was 
isolated from soils even after the fire (McLaughlin et al. 2007). Recently, Pedro et al. (2017) 
found that biofumigation with Brassica spp. is a promising method for disease management 
as it inhibited mycelial growth and decreased viability of chlamydospores in soil. These 
biological control measures are being explored as an alternative approach that is eco-friendly 
and reduces the exposure of humans to harmful chemicals and their residues.  
Eradication of Phytophthora using chemicals is expensive and poses a threat to the 
environment while fumigation is not always suitable for deeper roots. Antimicrobial 
properties of copper-based or silver-based nanoparticles are being explored to limit pathogen 
growth. These nanoparticles have greater bioavailability and have shown promising results in 
controlling or inhibiting pathogen growth (Banik & Luque 2017; Matei et al. 2018). The 
main method implicated in Australia to minimize the spread of P. cinnamomi is by altering 
human activities through educating people, restricting access to certain areas and enforcing 
hygiene procedures.   As such, the Australian Government Department of the Environment 
(2015) has released guidelines to prevent the spread of this invasive plant pathogen.  
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Advancement in NGS has facilitated in creating genome library and identifying 
molecular markers allowing us to better understand pathogenicity, host preferences and 
effector proteins. Gene pyramiding strategies based on marker-assisted selection (MAS) is a 
technique that can be exploited to develop new varieties of plants with desirable disease 
resistance traits. Individual plants that show greater resistance to P. cinnamomi are used for 
selective breeding leading to the development of an improved variety of plants with greater 
resistance or tolerance to the pathogen. This method has shown to be successful for chestnut 
blight and allowed scientists to identify potential P. cinnamomi resistant genes in those 
varieties of plants (Zhebentyayeva et al. 2013). However, effector molecules can mask the 
immune response conferred by plant R genes, and hence, understanding the molecular 
mechanism of disease resistance and population dynamics of the pathogen emerging in 
modern resistance breeding techniques is required (Grünwald et al. 2016; Arafa & Shirasawa 
2018). The whole genome sequencing of Phytophthora viticola resulted in the identification 
of pathogenicity genes, effector proteins and evolutionary pattern of the pathogen which 
allows us to better understand the molecular mechanisms of pathogenesis (Yin et al. 2017). 
Management of P. cinnamomi in agricultural and natural systems will thus require a very 
good knowledge of the biology of the interaction with its plant hosts and the way in which 
individual components of the host or pathogen can be manipulated to protect plants from this 
pathogen. 
1.11 Thesis Objectives 
The work presented in this thesis aimed to address some of the shortfalls in the current 
knowledge mentioned in this chapter. The aim was to elucidate the interaction between the 
susceptible plant species L. angustifolius and the plant pathogen, P. cinnamomi by exploring 
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the function of elicitins in pathogenesis and to investigate their role in defence response of 
the model host plant, L. angustifolius. 
As such, the original objectives of the research were: 
1. To isolate and confirm the activity of P. cinnamomi elicitins and recognize its function as 
virulence or avirulence factor 
2. To optimize reverse transcriptase polymerase chain reaction (RT-PCR) techniques 
specifically to this study in order to maintain scientific integrity  
3. To identify and validate primers for L. angustifolius and propose reference genes to study 
plant-pathogen interaction between lupin and Phytophthora 
4. To monitor the expression of defence-related genes in response to P. cinnamomi infection 
and treatment with elicitins using quantitative RT-PCR (RT-qPCR) 
5. To examine the interaction between P. cinnamomi elicitins with sterols and fatty acids to 
determine the importance of elicitin-sterol complex 
Due to restrictions to laboratory access caused by COVID-19, preliminary 
experiments and optimization of techniques to fulfill these objectives could be conducted. As 
such, objectives 1, 2 and 3 were partially completed with isolation and confirmation of P. 
cinnamomi elicitins, optimization of RT-PCR techniques, validation of primers and proposal 
of reference genes for L. angustifolius. 
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CHAPTER 2 
MATERIALS AND METHOD 
2.1 Isolation of P. cinnamomi elicitin  
Phytophthora cinnamomi was grown on 10% CV8 agar (Appendix C) for 5 days at 24℃, 
under dark conditions. Eight mycelial plugs were transferred to 150 mL liquid M1 medium 
(Appendix A) in 250 mL conical flask. A total of 8 conicals flasks was prepared with 
mycelial plugs and incubated in an orbital mixer at 90 revolutions per minute (rpm), 24℃ for 
8 days. The liquid was filtered through non-sterile filter paper (185 mm, Toyo Rishi Kaisha 
Ltd.) and the filtered liquid media was then subjected to ammonium sulfate precipitation 
(70.7g/100 mL solution) with slight stirring at 4℃, overnight. The solution was then 
centrifuged at 3900 ×g for 5 min, the supernatant was discarded and the pellet was dissolved 
in sterilized distilled water (sdH2O), sufficient for complete solubilisation of the pellet. The 
concentrated solution was dialysed in 20 mM phosphate buffer (pH 7.2) at 4℃, overnight 
with slight stirring, in a dialysis tube with a molecular weight cut off at 6-8 kDa 
(Spectra/PoR 1, Roth, Germany). The dialyzed solution containing desalted M1 extracted 
proteins was stored at -20℃ until further use. 
2.2 Determination of elicitin concentration using Qubit™ 
The protocol provided by Thermo Fisher Scientific Qubit™ Protein Assay Kits (Thermo 
Fisher Scientific) was used. Briefly, before starting the analysis, the reagents and standards 
were ensured they reached room temperature. Qubit™ working solution was prepared in a 
plastic container by diluting Qubit™ protein reagent: Qubit™ Protein Buffer in 1:200 ratios. 
For each of the three standards, to 10 μL of a particular standard, 190 μL of the working 
solution was added and vortexed for 2-3 seconds. For sample tubes, to 1-20 μL of M1-culture 
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filtrate extract, 180-199 μL of the working solution was added to ensure the final volume was 
200 μL. The tubes were vortexed for 2-3 seconds, incubated at room temperature for 15 min 
and analysed.  
On the Qubit™ 3.0 Fluorometer (Thermo Fisher Scientific, Germany), the standards 
were used to calibrate the device first followed by quantification of the protein content in the 
samples.  
2.3 Characterization of elicitin on Tris/Tricine gel  
Tris/tricine separation gel of 10% (Appendix B) was prepared and poured between two glass 
plates tightly held with a casting frame on a casting stand (Bio-Rad). The top of the gel was 
layered with isopropanol to remove bubbles and prevent the gel from drying up. Upon 
complete polymerization, isopropanol was removed and 4% stacking gel (Appendix B) was 
poured on top and a comb was added to form sample loading lanes. Meanwhile the gel set, 
samples were prepared. The M1 extracted protein sample and the desalted sample was mixed 
with sample buffer (Bio-Rad) (1:1 ratio) and kept on a heating block at 95℃ for 5 min. The 
sample was allowed to cool before it was loaded on the gel. Precision plus protein™ dual 
color standard (Bio-Rad) was loaded as the marker. The gel was run for 60 min at 150 V and 
upon completion, the gel was removed from the glass tray and placed on a square petri dish 
containing 25 mL fixative solution (40 mL methabol, 10 mL acetic acid, 50 mL distilled 
water) for 30 min. The gel was stained with 50 mL Bio-safe™ Coomassie stain (Bio-Rad) for 
an hour with gentle shaking. The gel was rinsed in 200 mL distilled water overnight and a 
photograph was taken.  
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2.4 Leaf infiltration of Nicotiana leaf 
The activity of elicitin present in M1 extracted protein was monitored in a 40-day-old 
tobacco leaf. Tobacco plant was grown under a controlled environment at 21℃ with a 16 
hour day and 8 hour night cycle. On one half of the mature leaf, 100 μL of 1 μg/mL desalted 
M1-culture filtrate extract was injected with a syringe, without a needle. The same volume 
and concentration of previously extracted M1 extracted protein by Islam et al. (2019) was 
infiltrated as the positive control. On another side, 100 μL of sdH2O was injected as the 
negative control. The injected solution covered approximately 1 cm2 area and images of the 
leaf were captured at 0, 24 and 48 hours post infiltration. 
2.5 Growth and maintenance of L. angustifolius 
Seeds of L. angustifolius var. Wonga (Narracoorte Seeds, South Australia) were soaked in a 
beaker containing tap water for 4-6 hours. The seeds were then sterilized for 2 min in 1% 
(v/v) sodium hypochlorite solution followed by rinsing it immediately with tap water for a  
further 2 min. In a tray, four layers of wet paper towels were placed and the seed was spread 
evenly on top (Figure 2.1). Another layer of wet paper towel was placed on top of the seed 
and the tray was covered with aluminum foil and placed in the dark at 24℃ for 24 hours. 
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Figure 2.1:  Preparation of L. angustifolius for seeding. Seeds were spread on four layers of 
wet paper towel after soaking in water for 4-6 hours.  
Soil-free plant growth system (SPS) boxes were filled with 800 mL of distilled water 
and 1 mL of Total Horticulture Concentrate Solution A and B (THC, Excel Distributors, 
Reservoir, Australia) were each added (Gunning & Cahill 2009). Filter paper 
(Chromatography Paper 1803C, MC Scientific, Australia) were cut into square pieces and 
dipped in water to make it moist. These moist filter papers were placed on the Perspex and 
flat back of each tray. For each pair of trays, three water-saturated cotton wool square pads 
(Swisspers, Australia) were placed on the top and the trays were clipped together with fold 
back clips (Tudor, PaperlinX, Preston, Australia). The germinated seeds were placed on top 
of the cotton with the radicle root facing downwards. On each tray, 8-10 seeds were placed 
and covered with the remaining part of the cotton to ensure seeds remained moist. On each 
SPS box, four pair of trays were added (Figure 2.2). The SPS boxes were placed in the 
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growth cabinet at 21.5℃ with a 16 hour day and 8 hour night cycle at 250-300 μmol m-2s-1. 
On the next day, the seeds were re-positioned on the cotton to ensure the roots did not 
penetrate the cotton; any non-germinated seeds were removed from the tray (Figure 2.3). 
On the fourth day, the filter paper, water and nutrient solution was changed. From 
each tray, six uniform plants were selected for further treatment. 
 
 
Figure 2.2: L. angustifolius seeds placed on SPS boxes under controlled growth conditions. 
1=SPS box, 2 = Perspex tray, 3= flat back of tray, 4= moist filter paper with seeds, 5 = fold 
back clips 
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Figure 2.3: Two days old L. angustifolius seeds grown in the SPS system. Identical seeds 
with similar root lengths are chosen for further experimental study.  
2.6 P. cinnamomi zoospore production 
Zoospores were produced following previously outlined methods (Byrt & Grant 1979).  On a 
9 cm Petri dish containing 10% CV8 agar (Appendix C1), a single inoculum plug (5 mm2) of 
P. cinnamomi was placed at the centre facing down. The plate was sealed with parafilm 
(Pechiney Plastics, Illinois, USA) and placed in an incubator in the dark at 24℃. After 3 
days, six plugs from the outer growth edge of the colony from this plate were transferred 
onto a new plate containing pre-sterilised miracloth disc (Appendix D) on top of 10% CV8 
agar. The plate was sealed and incubated in the dark at 24℃ for 5 days.  
Using sterilized forceps, miracloth was separated from the agar and placed in 100 mL 
of 5% CV8 broth (Appendix C2) in 250 mL Erlenmeyer flask. The flask was sealed and 
placed in an orbital shaker (Infors AG, Bottmingen) under 3 × 30-watt fluorescent light at 
110 rpm, 24℃. After 16 hours, the broth was decanted and miracloth was rinsed in 100 mL 
Mineral Salt Solution (MSS) (Appendix C3) for 3 times at 15-min intervals to induce the 
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formation of sporangia. A final volume of 100 mL of MSS was added and the flask was 
placed in the orbital shaker under previous conditions for 20 hours. 
MSS was decanted and the miracloth was further rinsed with 50 mL of MSS for 15 
min. Using sterile forceps, the miracloth was then transferred onto a new petri dish and 20 
mL of pre-chilled (4℃) sdH2O was added. After rinsing and decanting, a further 20 mL of 
pre-chilled sdH2O was added and the petri dish was incubated at 4℃ under dark conditions 
for 45-60 min to initiate the release of zoospores caused by cold shock. The plate was viewed 
under the microscope at low power to confirm the presence of sporangia. The plate was 
placed at room temperature and zoospore release was monitored at 30 min intervals using a 
microscope.  
All these steps were performed under aseptic conditions and three sets of zoospore 
suspensions were prepared during each time.  
2.7 Determination of zoospore density 
Suspension from the previous step was transferred into a 50 mL falcon tube and allowed to 
settle for 15 min. In a 1.5 mL centrifuge tube, 1 mL of zoospore suspension from the top 
layer of the falcon tube was added and vortexed for 60 seconds to induce zoospore 
encystment. The tube was inverted 2 to 3 times and 10 μL of the solution was added on each 
counting grid of a bright-line haemocytometer (Adelab Scientific, Australia). The number of 
encysted zoospores within each chamber was counted and added, with the final count 
representing the mean of 18 squares from both grids. The zoospore suspension was diluted 
with sdH2O to a final concentration of 1x105 spores mL-1 (Appendix E) and used for the 
inoculation of L. angustifolius. 
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2.8 Inoculation of plants 
Before inoculation, each SPS unit was laid flat, the Perspex tray was removed and a strip of 
parafilm was placed under the root. There were four different treatments for the plant: control 
(Cn), elicitin (E), P. cinnamomi (Pc), elicitin (E) and P. cinnamomi (E+Pc). For each 
treatment, 5 trays were maintained with 6 plants in each tray. Three replicates were 
conducted for each treatment.  
For C, E and Pc treatment, the zone of elongation site of each root was inoculated 
with 20 μL of sdH2O (Figure 2.4), 1 μg/mL elicitin or zoospore suspension, respectively. For 
E+Pc treatment, the zone of elongation site of each root was first inoculated with 20 μL of 1 
μg/mL elicitin for an hour and then the droplet was removed by soaking it on a paper towel 
followed by further inoculation with 20 μL of zoospore suspension.  
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Figure 2.4: Inoculation of four day L. angustifolius plants. The zone of elongation of lupin 
was inoculated with 20 μL of water (Cn). Parafilm helps establish continuous contact 
between the root and inoculum and overcomes the unwanted spread of the inoculum to other 
areas of the root.  
For each treatment, the Perspex tray was placed at an angle on top of the inoculated 
roots to prevent contact with the inoculum drop, but to maintain the humid environment. The 
trays were laid flat for an hour to ensure zoospore encystment; meanwhile, water was 
sprayed on the cotton every 15 min to prevent the seedlings from stressing. The parafilm was 
removed and the trays were clipped back into place and returned to the growth cabinet at 
21.5℃ with a 16 hour day and 8 hour night cycle at 250-300 μmol m-2s-1. 
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2.9 Visualisation of P. cinnamomi  
An epidermal strip of the inoculated section of the root was obtained and placed on a glass 
slide containing 10 μL sdH2O. A cover slip was placed on top of the section and viewed 
under bright field microscope (Axioskop 2 mot plus microscope, Zeiss). The morphology and 
movement of the pathogen were observed, along with its attachment to the root cells.  
2.10 Root collection for RNA extraction 
The general workflow for techniques conducted in the study for RT-PCR is shown in Figure 
2.5. Root tissues were harvested at 0, 3, 6, 12 and 48 hpi. Root tissues were immediately 
placed in liquid nitrogen and transferred to -80℃ until required. As mentioned in Section 2.8, 
three replicates were maintained and for each time point and treatment, the 6 roots were 
pooled together for ribonucleic acid (RNA) extraction.  
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Figure 2.5: Flow diagram of general experimental work performed in this study for RT-
PCR. Expected outcomes showing results obtained in this study (Not to scale, own figure). 
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2.11 Extraction of total RNA 
Total RNA was isolated using Qiagen RNeasy Plant Mini Kit (Qiagen, Australia). The 
protocol ‘Purification of Total RNA from Plant Cells and Tissues and Filamentous Fungi’ as 
provided by the manufacturer was used. Briefly, the roots were weighed to ensure they were 
less than 100 mg and were immediately transferred to liquid nitrogen to form powder using 
mortar and pestle. The powder was transferred to a pre-cooled RNAse-free 2 mL 
microcentrifuge tube and 450 μL of Buffer RLT (10 μL of β-mercaptoethanol per 1 mL 
Buffer RLT) was added and vortexed vigorously. The lysate was transferred to the 
QIAshredder spin column in a 2 mL collection tube and centrifuged for 2 min at full speed. 
The supernatant was transferred to a new RNAse-free 2 mL microcentrifuge tube and 0.5 
volume of ethanol (96-100%) was added, mixed with a pipette and transferred to the RNeasy 
spin column in a 2 mL collection tube.  The tube was centrifuged at 10,000 rpm for 15 
seconds, the flow-through was discarded and on-column digestion of DNA was performed 
using Qiagen RNAse-Free DNase Set (Qiagen, Australia). Buffer RW1 of 350 μL was added 
on to the RNeasy spin column, centrifuged at 10,000 rpm for 15 seconds and the flow-
through was discarded. DNase I incubation mix was prepared separately by adding 10 μL 
DNase I stock solution and 70 μL Buffer RDD. To each tube, 80 μL of DNase I incubation 
mix was added directly on the spin column membrane and placed on benchtop at room 
temperature for 15 min. To the column, 350 μL of Buffer RW1 was added and centrifuged at 
10,000 rpm for 15 seconds and the flow-through was discarded. The working solution of 
Buffer RPE was prepared by adding 4 volumes of ethanol (96-100%) to the concentrate and 
500 μL of the final solution was added to the column, centrifuged at 10,000 rpm for 15 
seconds and the flow-through was discarded. The same volume of Buffer RPE was added 
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again and centrifuged for 2 min at 10,000 rpm. The spin column was placed on a new 2 mL 
collection tube and centrifuged at full speed for 1 min. The column was again transferred to a 
new 1.5 mL collection tube and 30-50 μL of RNAse-free water was added, centrifuged at 
10,000 rpm for 1 min to elute RNA. To obtain high RNA concentration, the eluate was 
passed through the membrane again and centrifuged. The extracted RNA was immediately 
stored at -80℃. 
Due to time constraints, only one set of root was processed for RNA extraction. The 
remaining root sample replicates were stored at -80℃. 
2.12 Confirmation of RNA quantity and quality  
2.12.1 Quantification of RNA using NanoDrop™ 
RNA was quantified using a NanoDrop™ Spectrophotometer (ND-1000, USA). For each 
RNA sample, 1 μL was placed on the measurement pedestal and the NanoDrop set to RNA-
40. The final concentration of the sample, expressed as ng/μL, was measured based on the 
absorbance at 260 nm. The purity of the sample was determined by analyzing the absorbance 
at 260/280 nm and 260/230 nm. All samples extracted were of high concentration and purity.  
2.12.2 Confirmation of RNA quality using gel electrophoresis 
For each sample, 1 μL of RNA was mixed with 1 μL of RNA loading dye (2X) (New 
England Biolabs, USA). The gel was prepared by adding 0.3 g of agarose in 30 mL of 0.5% 
Tris Borate EDTA (TBE) and 1 μL gel red (Biotium, USA). After cooling, 1 μL of each 
sample and 1 kb Hyperladder (Bioline, Australia) were loaded and the gel was run with 0.5% 
TBE buffer at 80 V for 60 min. The gel was viewed using a gel documentation system (Bio-
Rad, Australia).  
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2.13 Synthesis of cDNA from RNA 
To synthesize complementary DNA (cDNA) from extracted RNA, SensiFAST™ cDNA 
synthesis kit (Bioline, Australia) was used. Briefly, to 1 μg of RNA, 4 μL 5x TransAMP 
buffer, 1 μL reverse transcriptase was added along with RNase free-water to make the final 
volume 20 μL. The mix was incubated in Mastercycler nexus X2 (Eppendorf, Australia) with 
the following order: initial incubation 25℃ for 10 min, elongation at 42℃ for 15 min and 
termination at 85℃ for 5 min.  
2.14 Primer design 
Primers used for optimization of RT-PCR are shown in Table 2.1 for Polypyrimidine tract-
binding protein (PTB), Ubiquitin C (UBC), Helicase (HEL), Pathogenesis-related 3 (PR3) 
and Pathogenesis-related 5 (PR5) genes of L. angustifolius. Primer for PTB, UBC and HEL 
was reported by Taylor et al. (2016) which were tested for reference gene in this study. 
Sequences for the gene of interest, PR3 and PR5 in Arabidopsis were obtained from The 
Arabidopsis Information Resource (TAIR) and the sequence was put through Basic Local 
Alignment Search Tool (BLAST) against L. angustifolius using National Center for 
Biotechnology Information (NCBI) nucleotide BLAST (BLASTn). Upon finding the 
homologue sequence in L. angustifolius, NCBI Primer-BLAST was used to design primers 
specific to the gene. The parameters were changed to have PCR product size between 70 to 
150 bp, primer melting temperature (Tm) changed to a range of 59 to 65℃, with optimum at 
62℃, primer Guanine-Cytosine (GC) content of 50 to 60 % and 2 GC clamps.  
From the results obtained, the primer pair were analysed for secondary structure and 
primer-dimer using OligoEvaluator™ software 
(http://www.oligoevaluator.com/OligoCalcServlet) along with OligoAnalyzer™ software 
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(https://sg.idtdna.com/calc/analyzer/) to analyze self-dimer and hetero-dimer values. Primers 
forming hairpin loops, dimers and repeats were avoided when possible. 
Table 2.1: Primers used in this study. 
Primer 
name 
Primer 
Direction 
Primer Sequence Product 
length (bp) 
Tm (℃) 
PTB 
Forward TGGAAGCTGGAGATGTTAGCATT 
 
113 
60.1 
Reverse CTGAATCAGAGCCTGGAAACCT 
 
60.0 
UBC 
Forward CTGACAGCCCACTGAATTGTGA 
 
108 
60.8 
Reverse TCTTGGGCATAGCAGCAAGC 
 
61.0 
HEL 
Forward TTGTACGAGGTCGGTGCTCT 
 
127 
60.9 
Reverse ACAAGCAACCAAATATTGCACCATA 
 
60.0 
PR 3 
Forward GTGGCATTGGGCAGGATAGC 
137 
61.46 
 
Reverse CATTGTGTCCAGTGCAGAGCC 
 
61.81 
PR 5 
Forward GCGTGTAAGAGTGCGTGTGC 
 
85 
62.48 
Reverse TTGGACTACAACTCTGCGGC 
 
60.32 
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2.15 Validation of primer design 
2.15.1 Preparation of pooled cDNA for primer validation 
To validate primer, an equalized pool of samples was prepared. In a 2 mL RNase free 
microcentrifuge tube, 1 μL of each cDNA sample was mixed with 19 μL RNase free-water. 
Pooled cDNA was stored at -20℃. 
2.15.2 Thermal gradient  
To determine the optimal annealing temperature (Ta) of the primers, the thermal gradient was 
run following Thermal Cycling Protocol (Bio-Rad). Briefly, per sample master mix 
containing 5 μL iTaq™ Universal SYBR Green Supermix (Bio-Rad), 0.4 μL forward primer, 
0.4 μL reverse primer and 2 μL pooled cDNA was mixed along with RNase free-water to 
make the final volume 10 μL. With these volumes, the master mix required for each primer 
pair was made separately and pooled cDNA was added at the end.  Samples for five different 
temperatures ranging from 56.0 to 62.4℃ were prepared in duplicates per primer pair in 96-
well PCR plates (Bio-Rad). The plate was placed in the real-time PCR instrument (Bio-Rad, 
Australia) and thermal gradient protocol was set followed by data analysis using Bio-Rad 
CFX Manager 3.1 (Bio-Rad, Australia) to determine the temperature with lowest quantitation 
cycle (Cq) value. 
The amplified PCR product after the thermal gradient was run on 1% agarose gel to 
confirm the integrity and specificity of products and primers, respectively.  
2.15.3 Standard curve and melt curve 
To determine the efficiency of primers and working concentration for samples, protocol to 
obtain the standard curve was run. The pooled cDNA sample was serially diluted in 1:2 ratios 
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eight times (illustrated in Figure 2.5). For each primer pair, the eight-point standard curve 
was run at the optimum Ta obtained from the thermal gradient result. For each dilution and 
primer pair, triplicates were run in 96-well PCR plates (Bio-Rad). For each sample, 5 μL 
iTaq™ Universal SYBR Green Supermix (Bio-Rad), 0.4 μL forward primer, 0.4 μL reverse 
primer and 2 μL serially diluted pooled cDNA was mixed along with RNase free-water to 
make the final volume 10 μL. With these volumes, the master mix required for each primer 
pair was made separately and serially diluted cDNA was added at the end.   
Data analysis using Bio-Rad CFX Manager 3.1 was performed and the cDNA 
concentration with the lowest Cq value and a single melt curve peak was selected for further 
RT-qPCR experiments.  
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CHAPTER 3 
RESULTS 
3.1 Extraction and identification of P. cinnamomi elicitins 
Protein concentration was measured using Qubit™ and results are tabulated in Table 3.1.  
The M1-culture filtrate extract of P. cinnamomi was run on Tris/Tricine gel and it showed a 
clear band at 10 kDa (Figure 3.1), confirming the presence of elicitins in the extract. 
Additionally, M1-culture filtrate extract from previously reported paper Islam (2019) was 
used as a positive control and it showed a band similar to the protein extracted in this 
experiment. The concentration of protein after desalting had decreased and hence, a faint 
band is visible at 10 kDa for the corresponding sample, also representing elicitins.  
 Furthermore, tobacco leaves infiltrated with desalted M1-culture filtrate developed 
necrosis, while the control section did not show any signs of necrosis (Figure 3.2).  Desalted 
M1-culture filtrate extract from previously reported paper Islam (2019) was used as a 
positive control which showed similar necrotic lesion as the sample extracted from this 
experiment confirming the biological activity of elicitins in inducing HR in Nicotiana plants 
 
 
 
 
 
 
 
. 
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Table 3.1: Determination of protein concentration using Qubit™. 
 
     Sample 
Concentration 
(mg/mL) 
M1-culture filtrate extract 0.142  
M1-culture filtrate extract from 
previously reported paper  
(positive control) 
0.099  
Desalted M1-culture filtrate extract 0.081  
 
 
Figure 3.1: Tris/Tricine electrophoresis gel of M1-culture filtrate. The gel was stained with 
Coomassie blue and 10 kDa band was visible for each sample. The intensity of the band 
varied due to different concentrations of samples loaded onto each well.  
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Figure 3.2: Leaf infiltration of Nicotiana leaf and monitoring for 48 hours to confirm the 
biological activity of elicitins. No lesion formed in the leaf section infiltrated with water 
while necrotic lesion developed over a period of 48 hours in the sections infiltrated with 
desalted M1-culture filtrate (1 μg/mL). The dotted area shows regions infiltrated at 0 hours. 
A= control, B= desalted M1-culture filtrate extract, C = M1-culture filtrate extract from 
previously reported paper Islam (2019) (positive control). 
3.2 Effect of inoculation on lesion formation in L. angustifolius  
Visual assessment of plants was carried out over a period of 48 hours between Cn and Pc 
treated roots. Water treated plants remained healthy and viable with the continuous growth of 
roots (Figure 3.3A). In contrast, the health and growth of P. cinnamomi inoculated plants was 
significantly compromised with progressive root lesions (Figure 3.3B). 
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A            B 
 
 
C 
Figure 3.3: Comparison of L. angustifolius roots 48 hpi. Cn plants show no disease 
symptoms while Pc plants are visibly diseased with sunken lesion spread along the root. The 
root length of infected plants is shorter than Cn, indicating seizure of plant growth upon 
infection. Rotted taproot is a symptom of disease caused by P. cinnamomi and it 
demonstrates the susceptibility of lupin to the pathogen. A = Roots treated with water (Cn), B 
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= Roots treated with 1x105 spores mL-1 of P. cinnamomi (Pc), C = comparison of disease 
progression between Cn (right) and Pc (left) treated roots. (Scale = 0.5 cm) 
3.3 Morphological characteristics of P. cinnamomi  
Phytophthora cinnamomi grew as a medium-dense, wooly culture on CV8 agar medium 
(Figure 3.4). As part of the pathogen life cycle, even in the absence of a plant host, the 
zoospores produced a germ tube (Figure 3.5). Upon inoculation of plant root with P. 
cinnamomi, microscopic images show the attachment of the encysted zoospore to plant root 
cell (Figure 3.6) followed by the production of germ tube within 2 hpi to colonize the root 
epidermis (Figure 3.67).  
 
Figure 3.4: P. cinnamomi grown on CV8 agar plates 7 days after transferring the plug. 
(Scale = 1.0 cm) 
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Figure 3.5: Extension of germ tube from encysted zoospores of P. cinnamomi over 1-2 hours 
in sdH2O. Germination is rapid and can take place in the absence of a plant host cell. 
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Figure 3.6: Encysted P. cinnamomi zoospores attached to the surface of lupin plant cells 1-
1.5 hpi. Upon surface contact, the spore will germinate to produce a germ tube that will assist 
in the penetration of the host cell.   
                      
Figure 3.7: Germinating zoospore in an attempt to penetrate the plant cell and assist in 
disease progression. Upon entry, P. cinnamomi hyphae extend into the central vascular 
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bundle to block water movement and haustoria formation occurs. Various cell wall degrading 
enzymes (CWDEs) will be secreted to assist in the digestion of plant cell wall. 
3.4 Confirmation of total RNA purity 
3.4.1 Determination of RNA concentration using NanoDrop™ 
The concentration of total RNA was determined using NanoDrop for all the extracted RNA 
for 0, 3, 6, 12 and 48 hpi. Data for Cn and Pc are shown in Table 3.2. The concentration of 
all the samples was relatively high, except for Pc_Ino_48HPI at 365.31 ng/microlitre. The 
A260/280 ratio for all samples was above 1.8, except for Pc_Ino_48HPI, signifying the 
presence of contaminants in that sample. For A260/230 ratio, 50% of the samples had values 
below 2.0, suggesting the presence of copurified organic compounds that can affect 
downstream experiments.  
Results for other samples from the first replicate not shown, however, similar data 
obtained. Root samples from two other replicates could not be analysed due to time 
constraints. 
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Table 3.2: Quantitative analysis of total extracted RNA using NanoDrop for Cn and Pc 
treated samples. 
Sample ID 
Concentration 
ng/microlitre A260/280 A260/230 
Cn_0HPI 799.94 2.18 1.78 
Cn_3HPI 1489.2 2.15 2.32 
Cn_6HPI 736.36 2.17 2.11 
Cn_12HPI 804.11 2.15 1.8 
Cn_48HPI 796.41 2.11 1.55 
Pc_0HPI 687.34 2.18 2.25 
Pc_Ino_3HPI 805.66 2.14 2.24 
Pc_Ino_6HPI 541.31 2.11 1.88 
Pc_Ino_24HPI 780.44 2.08 1.85 
Pc_Ino_48HPI 365.31 1.65 2.11 
3.4.2 Gel electrophoresis to determine RNA quality 
The quality of extracted RNA was assessed by gel electrophoresis (Figure 3.8).  Lane 1 
represents 1 kbp ladder with smeared bands which may have been caused by high voltage, 
inappropriate buffer or other experimental conditions, prompting optimization of gel run in 
subsequent experiments. For Pc_48HPI sample, the concentration of RNA and the NanoDrop 
ratios are low with a faint, smeared band in gel implying that the purity and integrity of the 
RNA was compromised. 
Data for other samples from the first replicate not shown, but similar results were 
obtained. 
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Figure 3.8: Extracted total RNA for Cn and Pc run on 1% agarose gel. The smearing of 1 
kbp ladder led to difficulties in identifying each band size, hence optimization of technique is 
required. Sharp two bands formed for samples representing 28S (upper band) and 18S (lower 
band) ribosomal RNA (rRNA) signifying successful extraction of RNA. Sample of 
Pc_48HPI appears as a low molecular weight smear which is indicative of possible RNA 
degradation.   
3.5 Primer Validation  
3.5.1 Identification of optimal annealing temperature (Ta) with thermal gradient 
The primers were designed to have Tm at 62℃, however, reliance on BLAST search and 
system generated Tm is not sufficient to guarantee primer specificity as these factors may be 
affected by buffers, master mix and the gene sequence. Primer Ta needs to be optimized 
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experimentally through a temperature gradient. As such, the thermal gradient was conducted 
and optimal Ta for all primers was obtained at 62.4℃. The Cq value at this temperature is 
shown in Table 3.3. Values for other temperatures are not presented.  
Cq is the term used to define the number of cycles required to reach a constant 
emission of fluorescence or the threshold value. The nucleic acid content and Cq values are 
inversely proportional, with lower Cq values indicating a higher initial copy number of the 
target gene. Cq values within 20 to 30 cycles are considered ideal (Hui & Feng 2013). The 
Cq value for primers UBC, PTB, HEL and PR3 was within the recommended range. 
Conversely, a high Cq value of 31.4 for PR5 primer was observed, signifying a low copy 
number of the gene in roots, making it less desirable to be used for RT-qPCR study.  
Table 3.3: Average Cq value for primers at optimal Ta of 62.4℃. 
Primer 
Average 
Cq 
            UBC 23.935 
            PTB 29.270 
            HEL 26.975 
            PR3 22.535 
            PR5 31.400 
3.5.2 Visualisation of amplicon with gel electrophoresis  
The amplicons retrieved after thermal gradient was run on an agarose gel to validate primer 
specificity, purity and integrity (Figure 3.9 and Figure 3.10). A single band was formed for 
each primer which suggests amplification of a single gene. For all temperatures, only one 
visible band was obtained, suggestive of the high specificity of the primer between 56 to 
62.4℃. As expected, the band size of UBC, PTB, HEL, PR3 and PR5 primer amplicons were 
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at 113 bp, 108 bp, 127 bp, 137 bp and 85 bp, respectively, confirming amplification of the 
targeted gene. Optimization of the protocol is required to overcome the smearing of ladder 
bands. To eliminate the likelihood of band formation due to contamination and primer-dimer 
formation, no template controls (NTCs) should be included. 
 
 
Figure 3.9: Amplified RT-PCR products run on gel after thermal gradient at five 
temperatures for primers UBC, PTB and HEL. Targeted amplification of the gene of interest 
obtained at all five temperatures confirmed by single band formation at 113, 108 and 127 bp 
for UBC, PTB and HEL primers, respectively.  
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Figure 3.10: Amplified RT-PCR products run on gel after thermal gradient at five 
temperatures for primers PR3 and PR5. Targeted amplification of the gene of interest 
obtained at all five temperatures confirmed by single band formation at 137 and 85 bp for 
PR3 and PR5 primers, respectively. Low intensity band formed for PR5 primer indicating 
low PR5 gene expression in the roots.  
3.5.3 Assessment of primer efficiency with standard curve and melt curve 
Eight point standard curve was tested for each primer pair at 62.4℃. Amplification 
efficiency for UBC, HEL, PR3 and PR5 primers ranged between 90% and 110%, suggesting 
high efficiency making it suitable for gene expression analysis. The efficiency of PTB primer 
was at 83.9% and hence, it has been omitted as a candidate reference gene (Figure 3.11).  
Results for melt curve analysis are presented in Figure 3.12. Even though the RNA 
sample has been treated with DNase to remove genomic DNA, the inclusion of no-reverse 
transcription (NRT) control for each nucleic acid target is also important (Bustin & Huggett 
2017).  
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Figure 3.11: An eight-point standard curve analysis of reference gene primers UBC, PTB 
and HEL, and gene of interest primers PR3 and PR5. The highest and/or lowest concentration 
points were deleted from each primer validation standard curve to achieve the best efficiency 
and R2 value. For each primer, the cDNA will be diluted to the midpoint of the efficiency 
range of the standard curve 
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Figure 3.12: Melt curve of reference gene primers UBC, PTB and HEL, and gene of interest 
primers PR3 and PR5. A single peak was obtained for all the primers representing a pure, 
single amplicon for each primer pair.  
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CHAPTER 4 
DISCUSSION 
One of the central aims of this study was to gain further insight into the function of elicitins 
by monitoring the defence response genes of L. angustifolius. The study has successfully 
extracted and characterized elicitins of P. cinnamomi. The successful plant-pathogen model 
system of L. angustifolius and P. cinnamomi was established which was further used to 
optimize RT-qPCR techniques. Amongst the three primers tested for reference genes, 
primers UBC and HEL have shown good prospects to be used as reference genes. In 
addition, primers for two genes of interest, PR3 and PR5 were designed and tested for their 
efficiency. However, primer validation steps reflected a low copy number of PR5 genes in L. 
angustifolius roots, making it less appropriate to be used for further analysis as minute 
changes in gene expression will be difficult to monitor.  
Closure of the laboratory due to COVID-19 pandemic greatly affected the completion 
of this project. While treated root samples for gene expression quantification were stored at - 
80℃, it could not be completed. Additionally, understanding the effect of immunodepletion 
of elicitin activity on defence response and interaction of elicitins with sterols and fatty acids 
was not able to be accomplished.  
4.1 Characterization of elicitins 
Separation of low-molecular-mass proteins of 30 kDa or lower is a difficult task, hence, 
Tris/Tricine and glycine-Tris based electrophoresis are two common techniques for 
separation of these proteins (Gels et al. 1987; Schägger 2006). Both of these SDS 
electrophoretic techniques cover the protein mass range from 1 to 500 kDa, however, 
glycine-Tris gel is unable to separate proteins of 20 kDa with high resolution, unless high-
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acrylamide gel or gradient gel is used (Cleveland et al. 1977; Haider et al. 2012).  Hence, 
Tris/Tricine is a preferred method for separation of proteins with molecular weight especially 
within 1 to 20 kDa range, using low acrylamide gel concentrations (Jiang et al. 2016). There 
are various factors affecting the separation ability of the gel, such as glycerol that is 
important in sharpening protein bands, increasing the density of solutions and reducing gel 
polymerization time. Total percentage concentration (T) and the percentage concentration of 
the crosslinker (C) are also important in resolving the polypeptide. In this experiment, 40% T 
and 3% C was used, similar to Islam et al. (2019), which showed good resolution of proteins. 
Gradient gels can be used to attain better separation, hence, stacking gel and separation gel of 
different concentrations were used in this study to ensure the pores in the gel decreased in 
size gradually (Bolt & Mahoney 1997). Other factors that influence the results are voltage, 
buffer, and duration of gel run and staining (Büyükköroğlu et al. 2018). In this present study, 
a clear band at 10 kDa was visible indicating the secretion of elicitins in liquid medium by 
the pathogen. 
Nicotiana plants of the Solanaceae family have been widely used as a model plant for 
agroinfiltration and virus-induced gene silencing (VIGS). Infection by P. infestans and many 
other Phytophthora species has not shown any naturally occurring disease of Nicotiana 
plants, making them an ideal resistant model plant to understand the interaction.  As such, 
multiple studies have been conducted where Nicotiana leaves have been infiltrated with 
elicitins (Yamamoto-Katou et al. 2006; Kanzaki et al. 2008; Dalio et al. 2017; Islam et al. 
2019). In the current study, infiltration of the filtrate into Nicotiana leaves caused necrosis 
ensuring the presence and activity of elicitins in the extract. Similar results were obtained by 
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infiltration of tobacco leaves with other Phytophthora elicitins like parasiticein and 
cryptogein (Kamoun et al. 1993; Rustérucci et al. 1999; Koehl et al. 2003).  
Programmed cell death (PCD) response of the tobacco plant is explained by Flor’s 
gene-for-gene hypothesis (Kamoun et al. 1998). Absence of elicitin production correlated to 
virulence on tobacco suggesting the function of elicitin as avirulence factor in P.infestans-
tobacco interaction (Ricci et al. 1989; Yu 1995). Along with necrosis, other defence-related 
response of elicitin in tobacco plant includes the accumulation of ROS, lipid peroxidation 
and production of ethylene and capsidiol at a later stage (Yu 1995; Rustérucci et al. 1996). 
Different species of Phytophthora show varying degrees of virulence in N. benthamiana, thus 
multiple studies are being conducted to understand the underlying factors. The current study 
does not analyse the defence response of resistant plant species. Hence, analyzing gene 
expression of resistant species such as Nicotiana and comparing it with that of L. 
angustifolius can be an extension of the present study.  
4.2 Infection progression of P. cinnamomi 
The rooting pattern of L. angustifolius is primarily tap root, making it well suited for deep 
sandy soils (Clements et al. 1993). Above ground symptoms of lupin can rarely be used for 
diagnosis as it might be caused by various biotic or abiotic factors (Vleeshouwers et al. 
2000). Spread of necrotic lesion throughout the root and reduced root growth are 
characteristics of susceptibility to P. cinnamomi, both of which are clearly visible in this 
study. Measurement of root lesion is often a method for quantifying disease progression 
however; it could not be completed in this study. 
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4.3 Understanding RT-PCR and optimization of techniques 
Even though there are several effective methods to quantify gene expression, quantitative 
RT-PCR remains the most widely used technology (Bustin 2002). This technique allows real-
time detection and simultaneous quantification of the gene of interest at the end of each PCR 
cycle (Ginzinger 2002). Flaws in experimental design including sample handling, harvesting, 
extraction of nucleic acid and reverse transcription can lead to artefacts in results leading to 
misinterpreted conclusions. Hence, experimental rigor and uniformity to produce reliable and 
consistent data should be of utmost priority (Sanders et al. 2018; Taylor et al. 2019). This 
study reports the use of modern day techniques and tools to perform RT-PCR while 
maintaining the scientific relevance of the results obtained. 
Absorbance and fluorescence based spectroscopy to quantify DNA and RNA has 
been around for decades and is a powerful tool in life science. NanoDrop is a modern 
spectrophotometer with high sensitivity to nucleic acids and proteins, and a major advantage 
is the ability of the system to quantify microvolume of samples without dilutions. Similar to a 
conventional spectrophotometer, it provides information on the concentration of nucleic acid 
based on absorbances at certain wavelengths and also the presence of contaminants. The 
A260/280 nm ratio provides information on contaminants in the sample from proteins, salts 
and other copurified agents. A ratio value of more than 1.8 denotes a ‘pure’ sample. 
Similarly, A260/230 nm ratio provides information on level of contaminants from copurified 
organic compounds and value greater than 2.0 signifies ‘pure’ nucleic acid (Dotti 2011; R. 
Desjardins & Conklin 2011). In general, A260/280 and A260/230 ratio of greater than 1.8 is 
accepted as ‘clean’ samples (Koetsier & Cantor 2019). In the present study, RNA 
concentration is relatively high for the majority of the samples signifying high RNA yield 
however, there were samples with A260/280 and A260/230 values lower than 1.8, signifying 
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the presence of contaminants. The use of these samples in subsequent steps might lead to an 
inaccurate result, hence, collecting new root samples and extracting RNA might be required. 
One major drawback of RT-qPCR is the requirement of high quality of template. 
RNA is highly unstable and sensitive to degradation which often leads to the question of 
whether the results are reflective of true biological differences or due to poor RNA quality. 
Loss of RNA integrity can lead to false-positive or false-negative expression of the gene, 
accounting for up to 7-fold differences than the actual results (Imbeaud et al. 2005). To 
evaluate RNA integrity, the samples were visualized on an agarose gel. Sharp, clear 28S and 
18S rRNA bands are expected to be seen for eukaryotic samples with the 28S rRNA band to 
have twice the intensity than the other. This 2:1 ratio signifies the RNA is intact and of high 
quality (Aranda et al. 2012), however, in the present study, the intensity is not in 2:1 ratio 
and slight smearing is visible denoting partially degraded RNA. Using proper tissue storage 
conditions, ensuring complete homogenization of samples, reducing exposure to 
environmental RNases and storing the RNA properly after isolation are some of the ways to 
improve RNA quality (Sigma-Aldrich 2020). Additionally, loading the same concentration of 
RNA on all lanes will allow better visualization and comparison of the bands obtained.  
Primers are the most critical component of PCR as it controls the specificity, 
sensitivity and robustness of the experimental design (Robertson & Walsh-Weller 1998). 
Empirical optimization and validation of primers are often the most neglected part of any 
RT-qPCR experiment, however, they are the most important section and results of these 
processes must be reported along with qPCR data (SantaLucia 2007; Bustin & Huggett 
2017).  Guidelines for confirming the relevance of qPCR results are variant, as such in 2009, 
a paper was published as Minimum Information for Publication of Quantitative Real-Time 
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PCR Experiments (MIQE) guidelines which have been widely accepted by the scientific 
community and the quality assessment of RNA template is an important part of it too (Bustin 
et al. 2009). In this study, the steps mentioned in the MIQE framework to validate primers 
have been followed to improve the reliability and relevance of RT-PCR. 
Another factor that needs to be considered in this technique is the systemic validation 
of the reference gene. Regarded as the internal reaction control, reference genes are 
sequences different from the target whose expression must remain unchanged in between 
tissues and by experimental factors (Chervoneva et al. 2010). Taylor et al. (2016) identified 
UBC, PTB and HEL as the most promising candidates of reference genes in L. angustifolius. 
These three genes were investigated in this experiment to ensure their expression remains 
unchanged even during exposure to pathogens and their proteins. 
In this study, preliminary evaluation of the candidate reference gene primers was 
done by checking for primer specificity and efficiency. Primers UBC and HEL showed high 
efficiency, high R2 value and single melt curve peak, making it a suitable reference gene 
candidate to understand plant-pathogen interaction. This is one of the few studies to 
recommend possible reference gene primer for L. angustifolius after P. cinnamomi infection. 
The statistical approach to assess expression stability using NormFinder and RefFinder could 
not be completed.  
4.4 Expected results for molecular study of L. angustifolius defence-related genes 
PR proteins are a diverse group of defence-related signaling molecules that form a key 
component of plant innate immunity. Overexpression of PR genes leads to enhanced disease 
resistance of the plant to biotrophic and necrotrophic pathogens (Jiang et al. 2015; Dai et al. 
2016). Even though PR proteins have been isolated, factors affecting the regulation of the 
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genes encoding for it are still under study and knowledge about it will allow better 
understanding of the signaling pathway (Ali et al. 2018). Both PR3 and PR5 genes analysed 
in this study are involved in defence response of plants and are part of SAR.  
PR3 synthesizes Class I chitinase enzyme which catalyses the hydrolysis of chitin. 
Chitin is a major component of fungal cell wall but the presence of it is very low in 
oomycetes. A recent study has found that gene encoding for chitin synthase (CHS) is present 
in P.infestans and P.sojae with its expression reaching highest in plant tissues 12 hpi, 
suggesting a meaningful role of it in Phytophthora pathogenicity (Hinkel & Ospina-Giraldo 
2017). Poncirus trifoliate and Citrus reticulate are resistant to P. parasitica and P. 
nicotianae, respectively and monitoring of PR3 gene showed high basal and induced 
expression of it (Boava et al. 2011; Yan et al. 2017). The upregulation of the PR3 gene co-
relates with the involvement of it in JA and ET-dependent systemic resistance pathway, 
suggesting an important role of this gene in inducing resistance in certain plant species. 
In contrast, in Citrus sunki, a susceptible plant to P. parasitica, no significant 
difference was observed in the expression of the PR3 gene. Additionally, infection by P. 
plurivora resulted in significant down-regulation of the PR3 gene in F. sylvatica (Dalio et al. 
2017).  Currently, limited studies are available relating to PR3 of L. angustifolius, however, 
as lupin is susceptible to Phytophthora as well, I expect minimal change in the expression of 
PR3 gene even after inoculation. This outcome would further support the hypothesis that 
Phytophthora species are able to colonize plants due to weak expression of defence-related 
genes (Boava et al. 2011).  
PR5 encodes for a thaumatin-like protein (TLP) produced abundantly in plants in 
response to biotic or abiotic stress and these proteins are known for their antifungal activity 
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(Petre et al. 2011). Constitutive expression of the TLP gene of Camellia sinensis in potato 
showed enhanced resistance of the transgenic plant to P. infestans. Even though the gene is 
over expressed in susceptible wild type potato during Phytophthora infection, it has been 
reported that some PR-proteins display defensive role against pathogen attack when over 
expressed in a heterologous system (Acharya et al. 2013; Ali et al. 2019).  
Phytophthora cinnamomi causes heart and root rot disease in pineapple. Monitoring 
of PR5 gene expression in roots over 96 hpi did not show a significant difference between P. 
cinnamomi treated and untreated roots. However, the use of mesoporous silica nanoparticles 
(MSNs) for the slow and prolonged release of SA inside the roots of pineapple enhanced the 
plant’s resistance to P. cinnamomi and there was significantly higher expression of PR5 gene 
as well. These results confirm the involvement of the PR5 gene in SAR and also support the 
role of it in enhancing resistance to a pathogen (Lu et al. 2019). As a susceptible plant 
species similar to pineapple, no significant change in expression of PR5 gene maybe 
expected in L. angustifolius even after inoculation. Results from this study showed low 
expression of the PR5 gene in L. angustifolius roots, thus, it might be difficult to accurately 
record changes in gene expression if the difference is minute.  
4.5 Role of elicitins in disease progression 
Pre-treatment of Quercus suber and Quercus ilex with α-cinnamomin followed by 
colonization by P. cinnamomi showed restriction of the pathogen invasion to the cortex and 
intracellular spaces of the root, resulting in an overall reduction of pathogen infection. 
Furthermore, ROS production and enzyme activity were also monitored after the roots were 
pre-treated with cinnamomin. Overall results suggest induction of defence response of the 
plant upon treatment with elicitin leading to a reduction in pathogen invasion of roots. As 
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such, the defence triggering activity of cinnamomin conflicts with their role as a virulence 
factor. Thus, it is hypothesized that pre-exposure of elicitin enables them to behave as 
apoplastic effectors inducing primary defence mechanism, but when elicitins are introduced 
to the plant via secretion by the pathogen, it acts as cytoplasmic effector and disrupts the 
activation and execution of plant defence, giving the protein dual role as virulence or 
avirulence factor (Ebadzad et al. 2015). Furthermore, pre-treatment of tomato with Infestin 1 
(INF1), elicitin of P. infestans showed increased resistance of the plant to Ralstonia 
solanacearum along with up-regulation of PR6 gene that is part of the JA and ET-linked 
immune response (Kawamura et al. 2009). As such, I expect the pre-treatment of plants with 
elicitin to increase the expression of PR3 and PR5 gene and upon subsequent exposure to P. 
cinnamomi, reduce the likelihood of disease progression. Plants pre-treated with elicitins 
have shown a higher level of resistance and hence, identification of elicitors has the potential 
to develop new control methods against the pathogen (Derevnina et al. 2016). Hence, this 
study was designed to explore the role of P. cinnamomi elicitins and outlines its effects on 
gene expression of L. angustifolius. If completed, this would have been one of the first 
studies to report the interaction. 
4.6 Further anticipated work 
Root sample collection and RNA extraction of all the samples were completed. The next step 
was to assess the integrity and purity of RNA followed by cDNA synthesis for the remaining 
samples. For each set of replicate, qPCR would be conducted and the expression level of 
each gene would be statistically compared: within replicates to ensure reproducibility and 
reliability of results, within time points to monitor disease progression and with different 
treatments to understand its effect. Furthermore, if no variation in expression of UBC or HEL 
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genes occurred over different time points and treatments, that gene could be confirmed as a 
reference gene for L. angustifolius when exposed to P. cinnamomi and its proteins. For all the 
primers, NTC and NRT control should be included as well. 
Previously, an immunodepletion study was conducted with β-cinnamomin and L. 
angustifolius which confirmed the partial loss of virulence of the pathogen in the presence of 
β-cinnamomin antiserum. Additionally, expression of β-cinnamomin gene during the early 
infection stage was reported, signifying an intrinsic role of the elicitin (Islam et al. 2019). A 
similar study was conducted by Dalio et al. (2017) in F. sylvatica where plant defence 
response genes for seedlings treated with plurivorin antibody and P. plurivora were 
monitored. Thus, pre-treatment of L. angustifolius with β-cinnamomin antibody followed by 
infection with P. cinnamomi to monitor the expression of PR3 and PR5 genes was planned to 
investigate the virulence mechanism of P. cinnamomi and identify the role of elicitins in 
susceptible model species. As such, for the preliminary experiment, western blot of the 
antibody was performed to confirm its activity (Appendix F) but the technique could not be 
optimized within the time frame. The results would have been the first to report monitoring 
of plant gene expression after treatment with β-cinnamomin antibody, and it was expected to 
open an alternative approach to protect plants from Phytophthora infection by targeting 
elicitin activity. Furthermore, this finding would contribute information towards the ongoing 
debate of elicitin as virulence or avirulence factor.  
The role of elicitin-sterol complex formation for activation of plant response is still 
controversial. Similar to sterols, elicitins can bind to fatty acids in 1:1 stoichiometry, 
however, elicitin has 27 times lower affinity to bind to fatty acid than to sterol (Osman et al. 
2001a; Dobeš et al. 2004). As limited studies are performed on elicitins of P. cinnamomi, 
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comparison in the interaction between these proteins with dehydroergosterol (DHE) and four 
different fatty acids – palmitic acid, palmitoleic acid, linoleic acid and stearic acid was 
planned and the obtained results could be compared against previously reported results of 
cryptogein. The interaction would be monitored using the previously outlined techniques 
with fluorescence spectrometry and dissociation constants would have been calculated 
(Mikes et al. 1998; Osman et al. 2001a; Dokladal et al. 2012). Furthermore, the infiltration of 
tobacco leaves with the protein-sterol/fatty acid complex to monitor the extent of leaf 
necrosis was scheduled. The study on necrotic lesions would bring insights into the role of P. 
cinnamomi elicitin-sterol/fatty acid complex in the induction of early defence response in 
resistant species (Dokladal et al. 2012).  
4.7 Conclusion 
Understanding the plant infection strategy of P. cinnamomi through elicitin production has 
been classified crucial and even though this study reports preliminary supporting results; they 
represent an exciting advancement in isolation and identification of P. cinnamomi elicitins. 
Understanding the involvement of elicitins in pathogenicity can open up alternative 
approaches for disease management of P. cinnamomi.  With the majority of plant-
Phytophthora interaction being conducted on non-host species Arabidopsis, this research on 
lupins has the potential to provide valuable information on the effect of elicitins on a 
susceptible host species that are agriculturally important. As we have seen tremendous 
advancement in DNA-based technology over the last two decades, the use of highly sensitive 
molecular biology techniques has been deployed which will possibly help answer the 
complex question about the response of a plant species to pathogen attack.  Thus, this study 
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has taken a molecular approach to explore the defence response mechanism of L. 
angustifolius against P. cinnamomi and its proteins.  
As mentioned in the above chapters, the overall aim of the project could not be 
achieved due to the unavoidable circumstances surrounding COVID-19. Further work on 
elicitins of P. cinnamomi would have provided us with a better understanding of the protein 
function as either a virulence or avirulence factor.  Thus, this research has presented possible 
areas that can be explored to understand plant-pathogen interaction and possibly contribute 
towards the ultimate goal of managing and controlling the devastating pathogen, P. 
cinnamomi.  
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APPENDICES 
Appendix A 
Preparation of M1 medium 
In 1.4 L of distilled water, asparagine, calcium chloride, magnesium sulfate, potassium di-
hydrogen phosphate and di-potassium hydrogen phosphate were added at amounts shown in 
Table A1. In separate flasks, to 10 mL of distilled water, 10 mg of Iron (II) sulfate, thiamine 
hydrochloride and zinc sulfate were individually dissolved and then 1.5 mL of each solution 
was added to the 1.4 L solution. In 100 mL of distilled water, 4 mg of copper (II) sulfate, 
sodium molybdate and manganese (II) chloride were dissolved separately and then 0.75 mL 
of each solution was added in above mentioned 1.4 L solution. 
Table A1: Amount of chemicals present in M1 medium 
Reagent Quantity 
Asparagine 0.3 g 
Calcium chloride    (CaCl2. H2O) 15 mg 
Magnesium sulfate (MgSO4.7H2O) 0.15 g 
Potassium di-hydrogen phosphate 
(KH2PO4) 
0.705 g 
Di-Potassium hydrogen phosphate 
(K2HPO4) 
0.39 g 
 
The medium was autoclaved for 30 min at 121°C. To 100 mL distilled water, 4.5 g 
glucose was dissolved and added into the sterilized solution using 0.45 µm, 25mm syringe 
filter (HtTuffryn membrane®, Acrodisc, Pall, Victoria, Australia).  
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Appendix B 
Preparation of Tris/Tricine gel (10%) 
Gel buffer (3M Tris/HCl, pH 8.45) was prepared by dissolving 36.3 g Tris in 60 mL distilled 
water. The pH was adjusted to 8.45 with concentrated hydrochloric acid and 300 mg of 
sodium dodecyl sulfate (SDS) was added and the solution was made up to 100 mL with 
distilled water. Heat and stirring were required for complete solubilisation of the chemicals.  
For stacking and separation gel, chemicals as listed in Table B1 and Table B2 respectively 
were used. Separation gel was prepared by adding acrylamide and gel buffer in 25 mL 
measuring cylinder and placing it on a balance to add 2 g of glycerol. The solution was 
mixed gently by inverting the measuring cylinder and the solution was filled up to 15 mL 
with distilled water. Stacking gel was prepared in a similar way and to both the solutions 
APS and TEMED were added at the end. 
Table B1: Materials required for separation gel 
Separation gel 10% 
40%T, 3% C solution 
(acrylamide) 
3.75ml 
Gel buffer (3M) 5ml 
Glycerol 2g 
Distilled water  
APS (10%) (10mg/100ul) 75ul 
TEMED 7.5ul 
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Table B2: Materials required for stacking gel 
Stacking gel 4% 
40%T, 3% C solution 
(acrylamide) 
0.84ml 
Gel buffer (3M) 3.1ml 
Glycerol 0 
Distilled water 4.46 
APS (10%) (10mg/100ul) 45ul 
TEMED 4.5ul 
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Appendix C 
Preparation of media and solutions for P. cinnamomi growth 
Appendix C1: 10% CV8 agar medium 
Calcium carbonate (CaCO3) was combined with V8 juice (Campbell’s Soups Australia) 
according to Table C1 and stirred for 1.5 hours. The mixture was centrifuged at 1500 ×g  for 
5 min and filtered with Whatman Number 2 filter paper (3MM Whatman). To 100 mL of the 
clarified supernatant, 900 mL sdH2O was added and the pH was adjusted to 6.5. 
Bacteriological agar was added and the solution was autoclaved. Upon cooling, the agar was 
poured in a 9 cm petri dish under aseptic conditions. 
Table C1: Chemical composition of 10% CV8 agar 
Reagent Quantity  
V8 Vegetable Juice 150 mL 
CaCO3 1.5 g 
Bacteriological Agar 15 g 
 
Appendix C2: 5% CV8 broth 
CaCO3 was combined with V8 juice (Campbell’s Soups Australia) according to Table C2 
and stirred for 1.5 hours. The mixture was centrifuged at 1500 ×g  for 5 min and filtered with 
Whatman Number 2 filter paper (3MM Whatman). To 50 mL of the clarified supernatant, 
950 mL sdH2O was added and the pH was adjusted to 6.5. Broth was stored at 4℃ until 
further use. 
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Table C2: Chemical composition of 5% CV8 broth 
Reagent Quantity  
V8 Vegetable Juice 150 mL 
CaCO3 1.5 g 
 
Appendix C3: Mineral Salts Solution  
To prepare 1 L of MSS, chemicals as mentioned in Table C3 were added and the solution 
was gently heated for 30 min prior to being autoclaved. The solution was stored at room 
temperature until further use. Before using it for P. cinnamomi growth, 1 mL sterilized 
chelated iron solution was added.  
Table C3: Chemical composition of MSS 
Reagent Quantity 
(g) 
Calcium nitrate tetrahydrate 
(Ca(NO3)4H2O) 
3.08 
Magnesium sulphate heptahydrate 
(MgSO47H2O) 
1.49 
Potassium nitrate (KNO3) 0.51 
 
Appendix C4: Chelated iron solution 
To 50 mL sdH2O, EDTA and iron sulphate heptahydrate (FeSO4.7H2O) as mentioned in 
Table C4 were added and gently heated. After the solution cooled completely, potassium 
hydroxide (KOH) was added and the solution was sterilized through 0.45 um, 25 mm syringe 
filter (Ht Tuffryn membrane, Acrodisc, Australia). The solution was stored at 4℃. 
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Table C4: Chemical composition of chelated iron solution  
Reagent Quantity (g) 
Iron sulphate heptahydrate   
(FeSO4.7H2O) 
1.245 
EDTA Disodium salt 0.625 
Potassium hydroxide (KOH) 0.375 
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Appendix D 
Preparation of miracloth 
Miracloth (Calbiochem, Australia) was cut into circles of 8 cm diameter and the discs were 
placed under running tap water for 20 min. The disc was placed in boiling water for 10 min 
and rinsed in sdH2O for 10 min. The process of boiling and rinsing was repeated three times 
to allow the pores to expand completely. Miracloth was placed in a glass petri dish with 20 
mL sdH2O, wrapped with two layers of aluminum foil and autoclaved. It was stored at room 
temperature until used.   
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Appendix E 
Calculation of zoospore density for inoculation 
The number of encysted zoospores on haemocytometer grid was counted. An example of the 
zoospore count obtained from one of the experiment is shown below 
  
 
          Total = 76                Total = 79 
Average = (76+79)/18 
    = 8.61 x 105 zoospores per mL 
Now, c1 v1 =c2 v2 where c1 and c2 are the initial and final concentrations respectively, v1 and 
v2 are the initial and final volumes respectively. 
8.61 x 105 x v1 = 1 x 10
5 x 10 mL 
v1 = 1.2 mL  
Hence, to 1.2 mL of the zoospore suspension, 8.8 mL of sdH2O is added to make final 
volume of 10 mL.  
 
 
 
 
 
 
6 7 12 
10 8 6 
9 7 11 
9 6 7 
10 5 10 
8 11 13 
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Appendix F 
Western Blot 
The protocol followed by Islam et al. (2019) was followed for western blot analysis. 
Antibody previously extracted by Islam et al. (2019) was tested for specificity and activity. 
Briefly, upon completion of Tris/Tricine run, the gel was blotted on a nitrocellulose 
membrane (Bio-Rad, Australia) using Trans-Blot Turbo Transfer System (Bio-Rad, 
Australia). The membrane was rinsed in methanol for 30 seconds and in 20 mM TBS pH 7.5 
for 5 min. The membrane was incubated in blocking solution (1% Bovine serum albumin 
(BSA) in TBS) for 1 hour at room temperature with gentle shaking. The membrane was then 
transferred to the primary antibody (anti-β-cinnamomin) of 1:1000 dilution with BSA. After 
an hour, the membrane was washed three times, each for 10 minutes with TBST. The 
membrane was placed in a secondary antibody (anti-rabbit IgG alkaline phosphatase 
antibody raised in goat, Sigma) of 1:5000 ratio in BSA. The membrane was washed thrice in 
TBST, each for 5 min, before being transferred to AP color development buffer (Bio-Rad, 
Australia). After a few minutes, the membrane was visualized for a band in the 
corresponding lane. 
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Figure F1: Western blot analysis to check the activity of anti-β-cinnamomin with elicitin 
proteins. Image showing the successful transfer of ladder to the membrane, however, lack of 
other band requiring further optimization of the technique to confirm antibody activity. 
 
 
 
 
 
 
 
 
